Nuclear and cytoplasmic RNAs, synthesized in cells productively infected with human cytomegalovirus (HCMV) were analysed at various times after infection by liquid and filter DNA-RNA hybridization. Results of these experiments have revealed that: (i) the fraction of the genome transcribed increased as infection progressed. In the nucleus, transcripts represented approx. 20% of the virus DNA sequences at both 2 and 4 h post-infection (p.i.) and 36 % of the virus DNA at 40 h p.i.; (ii) the increase in virus sequences among nuclear transcripts at late times was prevented by the DNA synthesis inhibitor, 2'-deoxyfluorouridine; (iii) early virus RNA transcripts were a subset of those represented in late RNA; (iv) two classes of early RNA were identified by competition hybridization; (v) approx. 10% of the late nuclear transcripts were symmetrical. Results of filter hybridization at DNA excess indicated that virus-specific RNA represented 0.6 % of RNA labelled from 0 to 2 h p.i., and 1.8 % of RNA labelled from 28 to 30 h. Polyadenylated RNA isolated from cytoplasm represented 1.2% and 10% of labelled mRNA at 2 h and 30 h respectively. Our data show that during productive infection of human cells by HCMV, gene expression is under temporal, quantitative and post-transcriptional control.
INTRODUCTION
The replicative cycle of human cytomegalovirus (HCMV) is relatively protracted in diploid human fibroblasts. 'Extended lag periods exist between the appearance of early nuclear antigens, virus-specific DNA synthesis, and the release of virus progeny (Furukawa et aL, 1973; St. Jeor & Hutt, 1977) . In addition to these temporal controls, the virus replicates primarily in human fibroblasts, indicating there are cell and species restrictions on replication. It is interesting to note that although the virus DNA has a large theoretical coding capacity, since it has a mol. wt. of 1.5 x 108 (Geelen et aL, 1978) , virus replication is still dependent on a number of cell functions (St. Jeor & Hutt, 1977; Tanaka et al., 1975) . This is surprising since other large DNA viruses, such as herpes simplex virus (HSV) and vaccinia virus, rather than being dependent on cell macromolecular synthesis, shut off cellular functions shortly after infection (Aurelian & Roizman, 1965; Kit & Dubbs, 1962; Roizman et al., 1965; Shatkin, 1963a, b) . Considering the number of lag phases and restrictions on HCMV replication, an understanding of the controls involved in the expression of information, from both a cellular and virus standpoint, would be essential to understanding virus latency and transformation. Temporal regulation of early and late mRNA species has been demonstrated in a number of animal virus systems, e.g. simian virus 40 (Aloni et al., 1968; Parsons & Green, 1971) , adenovirus (Thomas & Green, 1969) , poxvirus (Kates & McAuslan, 1967) , vaccinia virus (Salzman & Sebring, 1967) , HSV (Frenkel & Roizman, 1972) and murine cytomegalovirus (MCMV) (Misra et al., 1978) . In these systems, DNA synthesis inhibitors block late mRNA synthesis, indicating that early and late phases of virus gene expression are divided by virus DNA replication. Indirect evidence indicates regulation of gene expression occurs in HCMV-infected cells since there is temporal regulation of virus protein synthesis in cells (Stinsky, 1977 (Stinsky, , 1978 . In this communication, the regulation of HCMV transcription during the lytic cycle was studied using the kinetics of DNA-RNA hybridization in solution and DNA-RNA hybridization on filters.
METHODS
Solutions and chemicals. Tris-buffered saline (TBS) contained 10 mM-tris-HCl pH 7.4, 1.5 mM-MgC12 and 0.14 M-NaC1. TGME buffer was 10 mM-tris-HC1 pH 7.9, 25 % glycerol, 5 mM-MgC12 and 1 mM-EDTA. S l enzyme buffer contained 30 mM-sodium acetate pH 4.9, 50 mM-NaC1, 1 mM-ZnSO 4, 5 % glycerol and 20/tg/ml denatured calf thymus DNA. 1 x SSC was 0.15 M-NaC1 and 0.015 M-sodium citrate pH 7. S 1 enzyme was purified from a-amylase (Sigma) according to the procedure of Vogt (1973) . Formamide (99 % pure, Mallinckrodt, St. Louis, Mo., U.S.A.) was recrystallized twice before use. Ribonuclease A, 2-deoxyfluorouridine (FUdR), yeast RNA PIPES [piperazine-N-N'-bis(2-ethanesulphonic acid)] and cycloheximide (CH) were obtained from Sigma. DNA polymerase I was purchased from Boehringer-Mannheim. All radioactive compounds were obtained from New England Nuclear. PUS I contained 0.7 M-NaCI, 50 mM-tris-HC1 pH 7.5, 10 mM-EDTA, 25% formamide. PUS II contained 10 m~l-tris-HC1 pH 7.5, 10 mM-EDTA, 0.2% Sarcosyl, 90% formamide. Poly(U)-Sepharose 4B was obtained from Pharmacia. Poly(rA) was obtained from Collaborative Research, Waltham, Mass., U.S.A. All solutions were treated with diethyl pyrocarbonate (Aldrich Chemical Co., Milwaukee, Wis., U.S.A.) (2 drops/100 ml), shaken at room temperature and heated at 100 °C for 15 to 30 min. Cells and virus. All studies were carried out with the Eisenhardt strain of HCMV isolated in this laboratory from the urine of an infant with congenital HCMV infection. It was passaged at a low virus-to-cell ratio of 0.001 p.f.u./cell to avoid generation of defectiveinterfering particles. All virus propagation, assays and experimental studies were conducted using human embryonic lung (HEL) cells as described by St. Jeor & Hutt (1977) .
Virus DNA. The purification of HCMV DNA was performed essentially as described by Huang et al. (1973) , except purified DNA was treated with RNase (electrophoreticaUy purified RNase, Worthington Biochemicals) to remove any contaminating RNA. Virus for DNA purification was passed at low virus-to-ceU ratios to avoid the generation of defective DNA (Stinsky, 1978; Geelen et al., 1978) . Virus DNA was labelled in vitro with [3H]dTTP (sp. act. 79.8 Ci/mmol) and [3H]dGTP (sp. act. 34 Ci/mmol) using DNA polymerase I as described by Rigby et al. (1977) . The DNA preparations used in these studies had specific activities of 1 x 107 to 3 x 107 ct/min//tg. These probes were shown to reassociate to approx. 95 % with homologous DNA under hybridization conditions described in this manuscript.
Extraction of RNA from infected cells. Confluent monolayers of HEL cells in roller bottles were infected with 1 to 2.5 p.f.u./cell. HEL cells to be used in filter hybridization studies were labelled for 2 h with 100/~Ci/ml [3H]uridine and harvested at the appropriate times. When FUdR was used to block DNA synthesis, the inhibitor was left in the medium for 40 h at a final concentration of 10 -6 M. CH-treated cells were preincubated with CH (50 pg/ml) for 15 min before infection and CH was left in the medium for 10 h. Total RNA for filter Human CMV transcription 3 hybridization was extracted with phenol-chloroform as described by Carter & Blanton (1978) . RNAs were resuspended in 0.4 M-NaC1, 50 mM-PIPES pH 6.8 and 5 mM-EDTA and stored at -20 °C in aliquots. In the liquid hybridization studies, RNA was extracted by washing the cells twice with cold TBS buffer. Cell membranes were lysed with 0.1% Nonidet P40 (NP40); fractionation "into nuclei and cytoplasm was carried out as described by Carter & Blanton (1978) . After pelleting the nuclei at 400 g for 10 rain, the cytoplasm was recentrifuged at 19 000 g for 20 min to remove debris. The supernatant was brought to a final concentration of 0.5% in SDS and frozen at -70 °C. The nuclei were further purified by centrifugation through a glycerol cushion (TGME buffer). Cytoplasmic RNAs were extracted with phenol-ehloroform-isoamyl alcohol and nuclear RNAs were extracted with hot phenol. Both nuclear and cytoplasmic RNA preparations were treated with DNase to remove contaminating DNA. The RNAs were dissolved in 10 mM-tris-HC1 pH 6.8, 50 mM-NaC!, 1 mM-EDTA, and frozen at -70 °C.
Isolation ofpolysomes. HEL cells were labelled for 2 h at different times after infection with 100/tCi/ml [3H]uridine. The polysomes were prepared from the cytoplasm by the Mg 2+ precipitation method of Stringer et al. (1977) . The pelleted polysomes were resuspended in 3 ml 1% Sarcosyl, 50 mM-EDTA, 100 mM-NaCI and precipitated with 2 vol. ethanol. The alcohol precipitate was dissolved in 0.1 M-NaCI, 10 mM-tris-HC1 pH 7.9, 5 mM-EDTA, 0.5% SDS, diluted with an equal volume of PUS I and layered on a poly(U)-Sepharose column. The poly(A)-containing RNA was eluted with PUS II. Fractions having poly(A)-containing RNA were pooled, diluted to 20% formamide with 0.15 M-NaoAC and precipitated with 2 vol. ethanol.
Filter hybridization. DNA-RNA hybridization was carried out on nitrocellulose filters.
HCMV DNA was denatured at 100 °C for 10 min and rapidly cooled in an ice bath. The DNA solution was loaded on to 25 raM-nitrocellulose filters (Schleicher & Schuell, Dassel, F.R.G.) in 4 x SSC and fixed at 80 °C for 4 h. Filters were incubated with RNA in a total volume of 0.5 ml containing 0.4 M-NaCI, 50 raM-PIPES pH 6.8, 5 mM-EDTA, 0.2% SDS, 50/~g/ml poly(rA) and 50% formamide. The hybridization mixture was incubated at 40 °C for 1 h to remove any non-specific binding. The filters were then incubated with RNase A (50 #g/ml) in 2 x SSC at 40 °C for 1 h and finally rinsed twice with 2 x SSC at 40 °C, dried and counted.
Hybridization saturation experiments were performed in DNA excess and the data were plotted as described by Lucas & Ginsberg (1971) . From this plot, the saturation hybridization value and the amount of DNA required for saturation could be calculated. Competition inhibition studies under conditions of RNA excess were also performed as described by Lucas & Ginsberg (1971) .
DNA-DNA hybridization in solution.
The procedure for DNA-DNA reassociation followed the method of Rigby et al. (1977) with some modifications. Briefly, 2 ~tg HCMV DNA and calf thymus DNA (50/Jg/ml) were mixed in 10 × 75 mm polypropylene tubes and sonicated for 2 rain (5-s pulse). HCMV DNA (5 to 10 ng, about 50000 ct/min) was then added, boiled at 100 °C for 10 rain, and rapidly chilled on ice. The hybridization conditions were adjusted to 10 raM-PIPES pH 6-7, 0.72 M-NaC1, 1 mM-EDTA and 0.01% SDS. The hybridization mixtures were overlaid with paraffin oil and incubated at 74 o C. After various intervals of hybridization, duplicate samples (50/A) were removed and enough $1 enzyme added to digest more than 98 % of the single-stranded DNA. The second sample was used to determine the total amount of DNA in each reaction; consequently, S~ enzyme was omitted. Following incubation at 37 °C for 1 h, 100/tg calf thymus carrier DNA and an equal volume of 20 % cold trichloroacetic acid (TCA) were added to the mixture and acid-insoluble counts were determined. described by Carter & Blanton (1978) with the following modifications: the RNA (75 gg/ml) to be examined by hybridization was added to small conical plastic tubes and the total RNA concentration was adjusted to 1 mg/ml using yeast RNA. The virus DNA (5 to 10 ng, approx. 50000 ct/min) was boiled at 100 °C for 10 rain added to the RNA solution, and the salt concentration adjusted to 50 mM-PIPES pH 7.4, 1 ra-NaC1 and 1 mM-EDTA. The reaction mixtures were placed at 72 °C and duplicate samples (50 gl) were removed at various intervals and 0.2 ml $1 enzyme was added to one of the samples to determine the Sl-resistant radioactivity. $1 enzyme was not added to the other sample since it was used to determine the total amount of radioactive label in each reaction. The samples were incubated at 37 °C for 1 h and aliquots were spotted on to Whatman DE81 ion-exchange paper discs which were batch-washed using 0.5 M-Na2HPO4, distilled H20 and 95 % ethanol, then dried and counted. Self-annealing of HCMV DNA (usually less than 8 %), was determined by incubating the probe with yeast RNA under the same experimental conditions.
DNA-
Data analysis. Analysis of the hybridization kinetics has been described by Reed et al. (1976) and by Carter & Blanton (1978) . The maximum percentage of the genome transcribed for a given RNA is calculated from a plot of 1/fraction hybridized versus 1/time (h). The abundance of a given RNA was obtained from the slope of another plot, C0/C as a function of Crt, whenever Co is the concentration of total hybridizable DNA sequences, C represents the concentration of DNA sequences remaining single-stranded at any given time and Cr is the total RNA concentration. The slopes of the lines were analysed by least square linear analysis to obtain the best fit.
RESULTS

Sequential appearance of virus transcripts
Earlier reports have indicated that a lag phase of approx. 16 h exists between infection of cells with HCMV and initiation of virus DNA synthesis (St. Jeor & Hutt, 1977; Stinsky, 1978) . Our initial studies were designed to examine the effect of virus DNA synthesis on the sequential appearance of virus RNA transcripts.
HEL cells were infected with HCMV and harvested at various times after infection. The nuclei and cytoplasm were separated and the RNA extracted as described in Methods. Since virus DNA synthesis in HCMV-infected HEL cells was first detected at approx. 16 h p.i., RNAs extracted from cells at 4 and 12 h p.i. (before virus DNA synthesis) were designated as 'early' and RNA sequences extracted from cells at 40 h p.i. (after initial virus DNA synthesis) were designated as 'late'. The hybridization of early and late nuclear RNA to HCMV DNA indicated that the fraction of the virus genome serving as a template increased as infection progressed (Table 1) . Approx. 20% of the total DNA was protected by the 4 h nuclear transcripts. This was equivalent to 40% of the virus coding capacity if asymmetrical transcription is assumed. Approx. 36% of the genome (72% of total coding capacity) was complementary to the late nuclear RNA. When the fraction of the genome transcribed was determined using cytoplasmic RNAs, approx. 18% and 24% were transcribed at early and late times respectively (Table 1) . Thus, the percentage of the genome sequences represented by the cytoplasmic RNA was lower, particularly with late RNA, than that represented by the nuclear RNA.
To determine whether the early RNA is present at late times after infection, early and late nuclear RNAs were mixed in the same hybridization reaction. The presence of both RNA species did not raise the percentage of the genome protected in the hybridization experiment (Table 1 ). This indicates that most or all early nuclear transcripts are present at late times. A similar experiment using cytoplasmic RNAs ( Table 1) 
Relative abundance of RNA transcripts
We next measured the relative abundance of virus RNA at early and late times after infection by analysing the kinetics of hybridization to labelled HCMV DNA in solution. The abundance of the major HCMV RNA species present at a given time was calculated from the slope of the plot of C0/C as a function of Crt (Methods). HCMV RNA was most abundant in the 12 h nuclear RNA samples (Fig. 1) . Surprisingly, the relative abundance of virus RNA was lower in nuclei at 40 h than at earlier times. The relative abundance of cytoplasmic virus RNA at early and late times demonstrated a pattern similar to nuclear RNA (data not shown). At all three times after infection, the relative abundance of virus RNA in infected nuclei was approx, twice that in cytoplasm (Fig. 2) ; this is presumably due to the large amount of ribosomal RNA in the cytoplasmic fraction relative to that in the nucleus. 
Transcriptional pattern in the presence of DNA synthesis inhibitor
Since RNA present at late times is not present until after virus DNA synthesis, it is possible that virus DNA synthesis is a necessary prerequisite for transcription of late RNA. In order to investigate this hypothesis, HCMV transcription was examined in the presence of FUdR, since inhibitors of DNA synthesis have been shown to prevent the transition from early to late protein synthesis (Stinsky, 1978) and we have previously observed that FUdR at a concentration of 10 -6 M inhibits HCMV DNA synthesis.
Cells were infected with HCMV in the presence and absence of l0 -6 M-FUdR for 40 h. The nuclear RNA was extracted and hybridized to HCMV DNA. FUdR RNA was complementary to 25 % of the HCMV genome, a fraction similar to that encoding early RNA. No new HCMV RNA sequences were present in FUdR-treated cells, because the addition of 40 h nuclear RNA from untreated cells gave only 35 % hybridization, similar to 40 h alone.
The presence of symmetrical transcripts
Symmetrical transcription has been reported for both MCMV and HSV type 1 (HSV-1) (Kozak & Roizman, 1975; Misra et al., 1978) . If symmetrical transcription occurred during HCMV infection, it could affect the interpretation of the data presented in this manuscript. To investigate the possibility of symmetrical transcripts, nuclear or cytoplasmic RNAs were allowed to self-anneal and the RNA samples were divided into two fractions; one of them was heat-denatured, the other was not. The two RNA samples were then analysed by hybridization kinetics. The presence of complementary RNA sequences would result in the formation of RNA-RNA hybrids thus removing these sequences from the reaction.
Our results indicate that approx. 10% of late nuclear RNA was self-complementary (Fig.  3) . Results obtained with the cytoplasmic RNA and early nuclear RNA indicated that either the amounts of symmetrical RNA transcripts were below our levels of detection, or symmetrical transcription did not occur early in infection.
The presence o f immediate early RNA
Our initial studies (Table 1) Lucas & Ginsberg (1971) . Total input of each RNA was approx. 1 x 105 ct/min [aH]uridine.
were three separate classes of proteins synthesized in HCMV-infected cells and synthesis of the immediate early proteins was initiated between 0 and 2 h p.i. To determine if the increase in the percentage of the genome transcribed between 4 and 12 h p.i. represented a change in the transcription pattern from immediate early to early transcription, HEL cells were either pretreated with CH (15 rain, 50 #g/ml) or untreated. Following the pretreatment the cells were infected with HCMV in the presence of CH. The untreated cells were harvested at 2 h and the CH-treated cells at 4 h p.i. The nuclei were separated from the cytoplasmic fraction and the RNA extracted as described previously. DNA-RNA hybridizations were performed and the data analysed as described in Methods. Respectively, 22 % and 20 % of the virus genome was represented in nuclear RNA from cells harvested at 2 h p.i., and in the CH-treated cultures.
Quantification of virus-specific RNA
To quantify the virus-specific RNA synthesis at different times p.i., filter hybridization under conditions of DNA excess was carried out. HEL cells were infected with HCMV, labelled for 2 h prior to harvesting with [3H]uridine and harvested at 2, 10 and 30 h p.i. These RNAs were designated immediate early, early and late respectively. Fig. 4 (a) shows a typical saturation curve between HCMV DNA and [3H]uridine-labelled total late RNA. The linear transformation of the data according to the method of Lucas & Ginsberg (1971) is shown in Fig. 4 (b) . From the slope of the straight line, the percentage of virus-specific RNA synthesis was calculated to be 1.8%. Data from such DNA excess hybridization experiments are summarized in Table 2 and clearly indicate that the percentage of virus-specific RNA Table 2 and Methods. synthesis increases as infection progresses. In the presence of CH, a protein synthesis inhibitor, the percentage of virus-specific RNA synthesis was approx, the same as that at late times.
Synthesis of virus specific poly(A )-containing RNA
We next isolated polysomes by magnesium precipitation (Stringer et al., 1977) and subjected the polysomal RNA to poly(U)-Sepharose 4B chromatography. The percentage of poly(A)-containing RNA in a 2 h label was approx. 20% in both uninfected cells and in infected cells harvested at various times (data not shown). Longer labelling periods resulted in an increase in labelled ribosomal RNA.
DNA-excess filter hybridization experiments were carried out to determine the kinetics of appearance of virus transcripts on polysomes of infected cells (Table 3 ). There was a marked change in the virus-specific poly(A)-containing RNA synthesis, increasing from 1.2 to 10% between immediate early and late times. Compared with the total RNA, the virus-specific RNA synthesis was enriched two-to fivefold in the poly(A)-containing polysomal RNA. In the presence of FUdR at 30 h p.i., the percentage of virus-specific RNA synthesis was lower than that in untreated cells harvested at late times (2.6% + FUdR, 10% no FUdR at 30 h P.i.). Conversely, virus-specific RNA synthesis in CH-treated cells at 10 h p.i. was 2.4% of the total poly(A) + message as compared to 1.2 % in the 2 h infected cells.
Hybridization inhibition studies using nitrocellulose filters
To compare the sequences of HCMV DNA transcribed at different times p.i., competition inhibition experiments were carried out with virus DNA bound to filters. Fig. 5 shows such an Human CMV transcription 9 experiment with unlabelled RNA and labelled late RNA. The unlabelled immediate early nuclear RNA competed with approx. 50% of the late labelled RNA, indicating that the major class of virus RNA transcribed early corresponded to approx. 50 % of the RNA transcribed late. The RNA from FUdR-treated cells also competed to only 40 to 50% with the untreated late RNA. Hybridization inhibition experiments with labelled early RNA were also carried out and the results shown in Fig. 6 . Immediate early RNA either from cells harvested at 2 h p.i. or from cells treated with CH for 10 h, both competed to approx. 50 % with the early RNA, indicating that the immediate early and early RNAs were two separate classes sharing partial homology.
DISCUSSION
Our initial approach to studying HCMV transcription has been to document the overall parameters of regulation by using the unfractionated genome in hybridization studies. A more detailed analysis using subgenomic fragments of HCMV DNA will be possible as physical maps generated by restriction endonuclease digestion become available.
To examine transcription of the HCMV genome during a productive infection, we first used a method employing liquid-phase hybridization of excess cold RNA to virus DNA labelled in vitro. In analysing the data, only the most abundant class of RNA molecules was considered. The method allowed determination of the fraction of virus DNA sequences present in abundant RNA transcripts, comparison of the DNA sequences transcribed at different times and estimation of the abundance of the principal RNA species at a particular time. Although the multiplicities used in these studies were only 1 to 2.5 p.f.u./cell, these represented approx. 50 to 100 particles/cell, depending upon the number of defective particles in the virus population.
Our data demonstrate that there are both temporal and quantitative controls involved in the production of HCMV RNA. Approx. 44, 48, and 72% of the asymmetrical coding capacity of HCMV were utilized at immediate early, early and late times respectively. In addition, most or all of the early messages were a subset of the late RNA sequences. Although the data indicated that there was control over specific sites of transcription of the HCMV genome at early and late times, it is possible that the portion of the HCMV genome that was transcribed only at late times was, in fact, transcribed efficiently early but in amounts undetectable by the methodology used in these studies. Competition hybridization results suggest that transcription of most or all early sequences continues at late times.
Control of gene expression at the level of mRNA transport is demonstrated by the differences between the percentage of the HCMV genome sequences present in the nuclear and cytoplasmic RNA at both early and late times. It is also of interest that there is a low percentage of symmetrical transcripts in the late nuclear RNA. Although the percentage of symmetrical transcripts was low, similar results were obtained in repeated experiments, indicating that only a small amount of symmetrical transcription occurs and is only detectable late in infection in nuclear RNA samples.
The most surprising observation obtained from the liquid hybridization studies was the similarity in the relative abundance of virus mRNA at early and late times. Because the steady state concentration of a particular mRNA is determined by the rates of its production and breakdown, the low abundance of late HCMV RNA (Table 1) relative to early HCMV RNA could be due to either a lower rate of transcription or to an enhanced rate of degradation at 40 h p.i. Alternatively, at the m.o.i, used in these studies, it is possible that 40 h was a sub-optimal time for maximum late virus RNA transcription.
Although the studies using liquid hybridization yielded information concerning the relative abundance and the percentage of the genome transcribed at specific times, they did not 10 C.C. CHUA, T. H. CARTER AND S. ST. JEOR provide information concerning the percentage of the total RNA that was virus-specific and whether or not the RNA present at 2 h p.i. represented the same sequences as RNA present at later times. The filter hybridization studies provided more definitive answers to these questions. When either total RNA or poly(A)-containing RNA was hybridized to HCMV DNA fixed on filters, there was a gradual increase in the percentage of virus-specific RNA with time after infection. When poly(A)-containing mRNA was examined, this reached a maximum of 10% of the total poly(A)-containing mRNA at 30 h p.i. In contrast, at 30 h p.i. 1.8 % of the total cell RNA was virus-specific. In the presence of CH, when virus sequences present should represent immediate early mRNA, the percentage of virus-specific message was higher than in either the 2 h or 10 h cultures. The competition inhibition experiments indicate that there are at least three classes of RNA containing partial homology between the classes. Comparison of this result with the result from liquid hybridization (Table 1) of immediate early and early RNAs suggests that a significant fraction of the labelled early RNA sequences were present in low abundance. The liquid hybridization data show that immediate early RNA hybridizes to about 20% of the HCMV genome, and that early sequences represent at most an additional 3 to 5 % of the genome.
Data obtained from the filter hybridization studies indicate there are three principal classes of CMV-specific mRNA. Immediate early mRNA was synthesized throughout the infectious cycle, had partial homology with both early and late RNA and was synthesized in the presence of cycloheximide. Early RNA shared partial homology with both immediate early and late sequences and required protein synthesis, but was not blocked by an inhibitor of DNA synthesis. Late RNA contained at least three classes of RNA (immediate early, early and late) and transcription of late sequences was prevented by both protein and DNA inhibitors.
We cannot discount the possibility that the late message was present at immediate early times but at a concentration too low to detect (Fig. 5) , or that early sequences are present in low concentrations at immediate early times (Fig. 6) . However, this is unlikely since in the presence of CH the immediate early sequences represent 1.7% of the total RNA as compared to early sequences representing 0.8 % of the total RNA in the 10 h samples. 500 #g of immediate early RNA only competed with 50% of the early sequences (Fig. 6 ) whereas 75/~g of the early RNA competed out approx. 70% of the labelled early RNA. Consequently, if early sequences are present in immediate early RNA they are in extremely low concentrations. This same reasoning would apply to late sequences being present in immediate early or early RNA. A recent report by Stinsky (1978) indicating there are three classes of proteins made in HCMV-infected cells supports our observation concerning three classes of virus RNA.
Although these studies have defined some basic parameters of HCMV transcription, they have also raised a number of questions. Are there non-coding regions present on the HCMV genome? What is the nature and degree of post-transcriptional processing? Do multiple minor species of virus mRNA exist at various times after infection? In addition, further work needs to be done to characterize the various minor RNA species present in HCMV-infected cells and to map the RNA species on the HCMV genome.
